ABSTRACT Geoacoustic inversion is an effective method to obtain the bottom parameters in the deep ocean. This paper proposes a joint time-frequency inversion strategy for bottom surveying from an experiment conducted in the South China Sea in 2016. The seismic-acoustic data of ship noises on a vertical line array are preprocessed for seabed properties. Compared with a controlled source, the inversion using ship self-noise in this paper is ecological and economical. The upward and downward propagation spectrograms at steered angle by beamforming are beneficial in identifying the bottom structure as the prior knowledge for the inversion. The strong tones of ship-radiated noises at frequency bins are useful to correlate the simulated and experimental data and obtain the bottom parameters. A Bayesian method for estimating bottom parameters in the deep ocean is described. The inversion results of multiple layers are validated and show a high confidence, which can explain the transmission loss well along with the experimental track.
I. INTRODUCTION
Bottom parameters are required for sound propagation prediction and sonar applications in the deep ocean, which is complex unknown environment due to lack of in situ and sampling. Parameterizing the seabed model is an important step of solving geoacoustic inversion problems. A common principle for model parametrization is to select the simplest model that can sufficiently explain the data. Different bottom models can cause ambiguous solution and uncertainty in the geoacoustic inversion results [1] , [2] . In general, one or two sediment layers over a hard bottom are often assumed in most inversion applications. The lack of information regarding the structure and thickness of the bottom layer contributes to the non-uniqueness of inversion. Another factor is the fluctuation of acoustic signals (as caused by internal waves, mesoscale eddies, surface duct, water column variability, range-dependent sound speed profile, and bounding scattering) in a random medium of the ocean [3] . Hence, the geoacoustic inversion usually yields the equivalent property of the bottom.
A controlled source is often used in direct measurement and inversion methods to identify the bottom properties. Expensive maintenance and ecological concerns limits the use of these methods in some situations. Noise generated by surface ship is found widely in the ocean. Compared with a controlled source, the inversion using ship noise has two advantages: first, this method will have minimum impact in the ocean ecosystem. Extensive use of sonar systems, especially high-power and sustained transmissions, may disturb human divers and marine mammals. Second, estimating the geoacoustic parameters of the ocean bottom is an economical way to solve the problem of high cost, complex surveying, and time consumption. The noise of surface ship can be an excellent source for inversion compared with controlled sources. Leijien et al. [4] reported that ship noise can be used as a sound source for inverting the geoacoustic properties of the sea bottom by using a sparse vertical line array at the southern part of the Sara bank. The inversion results accurately described a sandy sediment layer over a subbottom of calcareous rock. Koch and Knobles [5] developed a broadband geoacoustic inversion technique for horizontal line array data from a surface ship in shallow water. The method involves the determination of the sediment geoacoustic structure through multiple layers. Sotts and Koch [6] and Sotts et al. [7] performed an inversion for both source track and geoacoustic parameters, which could be determined simultaneously by using the surface ship noise of opportunity recorded on an L-array data. This method assessed the accuracy of the inversion solution and incorporated an estimation of parameter value uncertainties. Ren and Hermand et al. [8] proposed a technique that uses a multi-scale line filter to extract and isolate the striations from the broadband ship noise field. The different sensitivities of different frequency-band striations to the ocean bottom parameters were used to progressively estimate the geoacoustic parameters.
The noise radiated by a moving ship presents an interference pattern in the time-frequency domain. In a shallowwater environment, the waveguide invariant is introduced to explain the striation [9] . Many publications focus on the source detection and geoacoustic inversion using this observable characteristic. Based on normal mode theory, a new technique was developed to exploit striations in the spectrogram of a passing ship. The striation between frequency and radial wavenumber of propagation modes is called the dispersion curve [10] , [11] . Inversion can be conducted to identify the bottom properties by optimizing the fit between the measured and experimental dispersion curves. In the deep ocean, the Lloyd-mirror [12] is applied to account for the interference structure based on ray and normal theory. The traces of the light striations (constructive interference) and dark striations (destructive interference) are apparent in the sound field.
This study develops an inversion strategy using seismicacoustic data from the measured noises of surface ship, which were recorded on a bottom-moored vertical line array. The inversion technique is a combination of time-frequency domain inversion [13] , [14] . Fast Fourier transformed (FFT) data are used for beamforming at each frequency according to the steered angles. Beamforming has an advantage of improving the signal to noise ratio (SNR) and steering at the specific angle. The geoacoustic inversion approach exploits the time (which is related to snapshot sequences) and frequency diversity of interference pattern to obtain the bottom properties. In the inversion stage of time domain, the bottom structure and layer thickness are extracted as the prior interval of the inversion. In the inversion stage of frequency domain, the strong ship tonal components are used to estimate the bottom properties. The optimization of parameters is based on the cross spectral density matrices (CSDM). The objective function is operated on the error vectors between the experimental and simulated data.
The remainder of paper is organized as follows. A description of the experiment and data preprocessing is provided in Section II. Section III presents the analysis of the inversion technique in time and frequency domains. Section IV discusses the inversion method using the experimental data. Section V contains the discussion and conclusions.
II. EXPERIMENTAL SETUP
An experiment was conducted to support the deep ocean geoacoustic inversion in South China Sea (SCS).
Conductivity-temperature-depth measurement was recorded at the experimental location and later converted to the sound speed profile shown in Fig. 1 . The processed data were collected with a bottom-moored vertical line array (VLA). The sea depth was approximately 3904 m, and the seabed was relatively flat. The measurement geometry was specifically designed and shown in Fig. 2 . The array contained a 64 m vertical aperture with 16-element auto-recording hydrophones (ARH). The sample rate at the ARH is 10 kHz. The center depth of the array was approximately 3700 m, which is obtained by echo-sounding apparatus. The time series of experimental data obtained from the ship for the inversion is 2000 s, which is divided into 500 time segments by uniform 4 s snapshots. The broadband conventional beamforming (CBF) is operated to depict the bearing time recordings in Fig. 3 . During this selected data interval, one ship source contributes to the acoustic field at the array. The upward and downward propagations of the ship source [15] are noticeable and can be separated by direction of angle (DOA). The DOA of direct wave (D-DOA) can be obtained by the downward propagations and DOA of bottom reflected wave (B-DOA) can be obtained by the upward propagations. The extended Kalman filter [16] is introduced as a tracking algorithm for the trace, which incorporates the dynamic DOA. The algorithm searches the spectrogram to follow the maximum intensity of striation within a small angle region by a given appropriate initial angle. The results of tracking are shown by the dotted lines in Fig. 3 .
The positive angles for tracking are related to the D-DOA with the higher energy and the negative angles for tracking are related to the B-DOA with the lower energy because of the bottom loss. FFT is then used for data processing and CBF is applied again at each frequency with the corresponding DOA by tracking at each time sequence. The beam power output is recorded in the time-frequency plane in Fig. 4 . The frequency band is within the design frequency. The time sequence is denoted in terms of the snapshots, which are dependent on the DOA in Fig. 3 . An obvious striation of beamforming spectrogram is found for the upward propagation in Fig. 4 (a) , and the beamforming spectrogram for downward propagation is shown in Fig. 4 (b) . The plausible explanation is that the extensive interactions of the sediment layers and basement comprise the interference pattern in Fig. 4 (a). The acoustic rays are reflected at separated depths for each sediment layers. The phase differences of the in-out effect cause the alternate light and dark striations. Hence, this effect is a promising attribute to invert the bottom structure. The sampling time with the corresponding DOA of broadband CBF is a criterion for the comparison of the error vector between the model and experimental data in the later inversion. By taking advantage of the DOA with the vertical line array, the data recorded from the Global Position System are not required, and this method can be applied to bypassing ships, using them as sources of opportunity. Another factor of the spectrogram both in Fig. 4 (a) and (b) is ship-radiated strong tones, which are characteristic of the propeller of ship source. The intensity shows a high SNR at certain frequencies, which is in favor of the reliability of the experimental data in the inversion scheme. 
III. INVERSION TECHNIQUE
This section contains the highlights of each aspect of the inversion process. The inversion methods in time and frequency domain are combined to develop a multi-stage inversion strategy and thus recover the complex profiles of bottom layer, which are parameterized in terms of thickness (d), sound speed (c), density (ρ), and attenuation (α).
A. INVERSION IN TIME DOMAIN
Bottom structure analysis is routinely conducted in seismic community and oil industry. Seismic measurement is generally expensive and time consuming. Yang et al. [17] used a ship towed line array system to estimate the layer structure and thickness for geoacoustic inversion. The required bottom information was obtained from the time-angle relationship by beamforming the acoustic signal. The FFT for the reflection coefficients at a fixed angle was applied to obtain the bottom impulse response. The inversion results using a controlled source agreed with the ship self-noise. Siderius et al. [18] proposed an approach for the domain of bottom profiling by cross-correlating the up-and downsteered beam time series of ambient noise from the drifting vertical line. Harrison and Siderius [19] developed a quantitative formula for the steered beam correlation amplitude and checked it by simulation and by reference to experimental results. Yardim et al. [20] adopted a passive geoacoustic inversion method by a drifting vertical array. He proposed a compressive sensing fathometry by cross-correlation of the upward/downward-propagating ambient noises to determine the number of interfaces as priors and then refined the sediment parameters by bottom loss. In these previous acoustic studies, the bottom layer profiling method by the bottom impulse responses can achieve consistent and reliable results without requiring a prior seismic survey.
We define the inverse of the sound speed as the slowness [17] . The slowness u i , horizontal slowness p i , and vertical slowness q i in the ith sediment layer are given by:
According to horizontal layering in Snell's law, the horizontal slowness is similar in all layers. The acoustic rays in the two layers over the basement are illustrated for the sound propagating analysis in Fig 5 (a) and the bottom parameters for each layer are also shown. The early acoustic ray penetrates into the bottom, and the later ray reflects from the water-sediment interface. For n layers of the sediment (the basement is n+1th layer), the reduced travel time τ is defined as:
where h i is the ith layer depth and θ i is the grazing angle. The travel time of arrival pairs is commonly dependent on the horizontal range. Compared to the travel time, the reduced travel time in this paper can be applied to data at different ranges. Equation (3) is used to estimate the effective depth prior interval of the layers by the assumed sound speed search window:
where d i is the depth from the water-sediment interface to the ith layer, τ i is the two-way reduced travel time for a ray penetrating into the water-sediment interface, reflecting off the ith layer, and traveling back to water. The time impulse responses are bounded by reflectors at depth and can be used to decide the numbers of layers as a priori knowledge for the seabed model. The number of the sediment layers is unknown, thus causing uncertainty in the geoacoustic inversion. The different model selections for the geoacoustic inversion can produce ambiguous solution and inversion results, which are considered as geoacoustic equivalent values. Bottom profiling approach (which is similar VOLUME 6, 2018 to the measurement used in seismic work) is introduced in geoacoustic inversion to narrow down the prior probability distribution for the inversion. An illustration for obtaining the time impulse responses is shown for two layers over the basement. The KrakenC [21] is used for the acoustic field in simulation. The simulation environment is consistent with the measured environment of the experiment, which is illustrated in Sec. II. The beamformed data steered at the B-DOA by the upward propagations and at the D-DOA by the downward propagations are shown at each frequency in Fig.5 (b) and (c) . The beam time series are obtained by the beamformed data with inverse FFT. The beamforming data of the upward propagations with B-DOA shows the complicated striation structure in Fig.5 (b) compared with the downward propagations with D-DOA in Fig.5 (c) . The bottom reflected waves contribute to the striation structure to establish the relationship with the bottom property. The cross-correlation between the upward and downward steered beam time series in Fig.5 (d) are identical with the two-way reduced travel time using the bottom parameters in Fig.5(a) by Eq. (2), which are shown with the white dotted lines.
B. INVERSION IN FREQUENCY DOMAIN
The second stage aims to complement the geoacoustic inversion in the frequency domain. The data from the bottom-moored VLA provide a local measurement of the bottom properties. The downward spectrogram contains only geometric information [15] , such as the source and receiver positions, and therefore is not useful for the inversion of bottom properties, because the direct eigenray obtained via beamforming represents energy coming from the ship which has not interacted with the bottom. In this section, the spectrograms of upward propagation with B-DOA are used for the inversion.
The Bayesian method is applied, which provides a useful indication about the quality of the inversion and parameter sensitivities [24] , [25] . Let m represents the model vector and d represents the data vector. And the data d are observations for the Bayesian approach to estimate the posterior probability distribution (PPD) of the geoacoustic parameter model m. With the definition of conditional probabilities, Bayes' rule can be expressed as
where P(m|d) is the conditional probability density function for m given d, P(m) is the prior distribution, P(d) is the probability density function of d, which is independent of m, and P( d|m) is the conditional probability density function for d, which is interpreted as the likelihood of m for the measured data
where φ(m) is the appropriate error function. A standard Bartlett processor [22] , [23] is used to calculate the power over a set of hypothesized bottom parameters. The inputs for calculation are the estimated CSDMs as denoted by R(f i ).
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where d(f i ) is the beamformed data vector steered at B-DOA with the array at frequency f i and H represents the complex conjugate. The objective function is as follows:
where w(m, f i ) is the replica data from the KrakenC propagation model and m is the model vector, which includes the geoacoustic parameters such as thickness, sound speed, density, and attenuation. The objective function is based on the summation over frequency. The PPD of the geoacoustic parameter model m is
The PPD represents the general solution to the inversion problem, and the posteriori mean estimates can be defined as
The multidimensional PPD is interpreted in terms of properties defining parameter estimates and uncertainties. If the model space is uniformed sampled by a grid search, then the one-dimensional (1D) marginal probability density (MPD) is defined as
where δ is the Dirac delta function, m k is the kth random variables of m. The Markov chain Monte Carlo method of Metropolis-Hasting sampling is used in the general case [26] , [27] . 
IV. INVERSION USING EXPERIMENTAL DATA
The experimental data are Fourier transformed and beamformed with the corresponding DOA at each frequency. The frequency band filter (design frequency) in VLA data processing is a narrow band, so the impulse response is slightly oscillatory. The depth-accurate bottom layers profiles can be obtained as long as the lowest frequencies are contained and the filtering will not have an effect on the layer structure [17] . However, low frequency cannot resolve the fine layers of the physical bottom in detail so the sufficient bandwidth is needed to resolve the individual peaks. Hence, the bottom is characterized as a simple acoustic bottom with several layers of constant sound speed in this paper. Figure 6 shows the beam time series recovered over the ship track by cross-correlating D-DOA and B-DOA beams. The y-axis is the two-way reduced travel time of the layer reflectors, which shows four existing layer reflectors (e.g., four layers of sediments over a hard basement). The travel time of incidence angle is related to the layer thickness [18] , [19] . The bending trace of the time waveforms is in accordance with the DOA in Fig 3. The data adjacent to the closest point of approach (CPA) are employed to construct the time series of the layer reflectors. Four reflectors (10.1, 22.5, 33.2, and 47.6 ms) are acquired from the time waveform recovered by inverse FFT.
As the source level of ship noise is uncertain, normalization is used in beamforming data. Ship-radiated tones are strong and stable with a regular frequency shift. In Fig. 7 the frequency of the tones is approximated for the upward and The prior intervals of the sediment depths are listed in Table 1 , which are calculated using Eq. (3). The τ i for ith sediment layer is respectively 10.1, 22.5, 33.2, and 47.6 ms. The minimum and maximum of sound speed interval are chosen to calculate the minimum and maximum of sediment depth interval. As the time impulse responses of bottom reflectors are obtained as the prior information by the inversion stage in the time domain, the sediment depth intervals are relatively narrow and the uncertainty of sediment layers in inversion are reduced. The inversion is performed by minimizing the cost function φ (m), which is the difference between the experimental and simulated data. The inversion results are also listed in Table 1 .
Several approaches can be used to evaluate the inversion results. First, the sample value of geoacoustic parameter in the search space and the corresponding value of objective function are recorded, so the distributions of inversion parameters are obtained. The MPDs of Bayesian inversion in Table 1 are shown in Fig. 8 and the vertical red lines denote the posteriori mean estimates, which are seen as the inversion results. The numerical values for the bottom parameters are well resolved with their prior bounds. The inversion results are estimated with highest sensitivity because the MPDs are narrow; hence, the inversion results have high credibility. Second, the transmission loss (TL) modeled with the inversion results can be compared with the measured TL from the experiment [28] . When the receiver depth is in shadow zone, the reflection waves are obvious, and the seabed plays a vital role in sound propagation. Figures 9-11 show such comparison for the solution from the inversion at frequencies 63, 160, and 250 Hz. The black solid lines indicate the calculated results using inverted parameters, and the red circles stand for the measured TL. The data are received from the ARHs with depths of 110 m in Fig.9 , 450 m in Fig.10 , and 700 m in Fig.11 , and the source depth is 300 m. The estimations are in good agreement with the experimental reference.
V. CONCLUSION
A joint time-and frequency domain method has been developed for obtaining the geoacoustic parameters from the seafloor. Non-uniqueness may cause difficulty in selecting the appropriate model, which is particularly important in geoacoustic inversion. The geoacoustic data are recovered from the multiple layers of the bottom model. Spatial properties over a fairly short aperture (of order several tens of meters) are obtained, which include the sound speed, density, and attenuation in depth terms.
The approach is applied to data from ship noise radiating with a bottom-moored VLA in the SCS. The seismic-acoustic time series show the complicated arrivals, which are related to the layer structure. The appropriate amount of structure is needed to parameterize the seabed model and subsequently passed on as the prior information to the frequency domain inversion in terms of credibility intervals. The strong tones of the upward propagation spectrogram are identified for the inversion to provide the detailed geoacoustic properties of the seabed. In addition, the inversion solution is evaluated, and the inverted parameters represent well-behaved posteriori distributions and high credibility. 
